As regulations on the emission of pollutants from combustion systems are further tightened, it is necessary to reduce pollutant species and improve combustion efficiency to completely understand the process in the combustion field. Tunable diode laser absorption tomography (TDLAT) is a powerful tool that can analyze two-dimensional (2D) temperature and species concentration with fast-response and non-contact. In this study, stabilized spectra were implemented using the mean periodic signal technique to enable real-time 2D temperature measurement in harsh conditions. A time series statistical-based verification algorithm was introduced to select an optimal spectral cycle to track 2D reconstruction temperature. The statistical-based verification is based on the Two-sample t test, root mean square error, and time-based Mahalanobis distance, which is a technique for similarity analysis between thermocouple and reconstruction temperature of 18 candidate cycles. As a result, it was observed that the statistical-based TDLAT contribute to improving the accuracy of time series-based 2D temperature measurements.
Introduction
With global warming prevention and environmental protection emerging as an issue all over the world, emission regulations are gradually being tightened as the effects of emissions from combustion systems on air and human bodies are highlighted. For example, EURO 6 regulations are an effort to reduce emissions such as CO, HC, NO x , and PM by the auto industry. The recent EURO 6d emission regulations require real driving emissions (RDE) tests, which measure pollutants emitted from motor vehicles while they are driven, as an additional approval. As a result, demand for vehicles with low NO x emissions and high engine power has increased, and several studies have been conducted to improve the performance of NO x after treatment systems [1] [2] [3] . An important element in catalytic after treatment devices is exhaust gas temperature because catalytic performance is a function of temperature. A car engine running at high temperature tends to emit less CO 2 and more NO x . On the other hand, a lower engine temperature will result in more CO 2 and less NO x . However, the challenge of reducing both CO 2 and pollutant emissions simultaneously still remains. Therefore, analysis of temperature and species concentration during combustion is necessary for fundamental understanding of combustion reaction, which may reduce pollutants in the combustion system and improve combustion efficiency. However, the thermocouple (TC), a conventionally used one-point temperature measurement device, has difficulty in analyzing non-uniform flow, such as in engine exhaust. In addition, the techniques such as coherent anti-stokes Raman scattering (CARS) [4, 5] and laser induced grating spectroscopy (LIGS) [6] , which are recently used in the spectroscopy field, can measure temperature at a fast response speed, but have a limit of point measurement, and filtered Rayleigh scattering (FRS) [7] and planer laser induced fluorescence (PLIF) [8, 9] enable two-dimensional temperature, but their measurement systems are expensive and complicated. Tunable diode laser absorption tomography (TDLAT) is a suitable tool for understanding the combustion process by allowing 2D analysis of temperature and species concentration with non-contact fast-response. Therefore, it has been developed with various TDLAT techniques for measuring 2D temperature and species concentration in combustion fields [10] [11] [12] [13] [14] . Deguchi et al. demonstrated a 2D temperature distribution measurement by TDLAT on Bunsen-type flame burners and gasoline engines [10] . Ma et al. developed a hyperspectral tomography (HT) method that can simultaneously measure 2D distribution of temperature and H 2 O concentration with a temporal resolution of 50 kHz at the exhaust plane of a j85 engine [11] . Busa et al. developed a measurement method of combustion efficiency that combines TDLAT and particle image velocimetry (PIV) in the scramjet engine [13] . However, these methods cannot be applied directly for real-time measurements because of excessive computational time and lack of time resolution assessment required for computed tomography (CT) analysis.
This study introduced a spectral cycle parameter improving reconstruction performance with a posteriori statistical technique in conventional absorption tomography to measure the exhaust gas temperature in milliseconds through TDLAT. Signal stabilization technique was applied in various cycle models to obtain stabilized absorption spectra in harsh environments, and statistical verification using TC measurement was performed to evaluate the results of the time series 2D reconstruction temperature distribution.
Theory of TDLAS
Tunable diode laser absorption spectroscopy (TDLAS) is a measurement technique commonly used in a variety of applications recently as well as temperature and density of molecules in gas [15, 16] . When a laser beam permeates an absorption medium, its intensity will be attenuated by the absorbing gas species. This phenomenon is measured by TDLAS system that continuously scans laser wavelengths. The principle of TDLAS is theoretically expressed in terms of absorption by Beer-Lambert law that describes the relationship between the incident intensity I v0 and transmitted intensity I v as follows:
where A ν denotes the spectral absorbance of representative wavenumber ν. L denotes the optical path length, and α ν is the local mass-weighted absorption coefficient at position s along the laser beam, from 0 to L. This quantity is given by the following expression:
where, k [J/K] denotes Boltzmann's constant, f v is the Voigt profile, with Lorentzian and Gaussian half width at half maximums (HWHMs), ∆ν L and ∆ν G [17] [18] [19] . p denotes pressure, assumed to be uniform and x i denotes mole-fraction of absorbing species i, where, x i , p, and T are evaluated locally. S i,j (T) denotes temperature dependent line strength of absorption transition j and can be calculated by a function of temperature as follows:
where, h (J·s) and c (cm/s) denote Planck's constant and the speed of light, v 0 (cm −1 ) denotes the line-center wavenumber, E i " (cm −1 ) denotes lower-state energy of the transition, T 0 (K) is the reference temperature (296 K), and Q(T) denotes the partition function of molecular absorption at a particular temperature. It is usually expressed as a 4th order polynomial function [20] . Although it is difficult to accurately describe the chemical formula of gasoline, iso octane (C 8 H 18 ) was selected because it is the hydrocarbon component with similar thermal properties to the actual composition. The combustion reaction of iso octane is as follows:
Among the combustion products, nitrogen (N 2 ) is an inert gas and hence, there is no chemical or absorption reaction. Therefore, water-vapor (H 2 O) was chosen for exhaust gas diagnosis because of its high mole fraction and high absorption strength. Figure 1 shows the theoretical H 2 O absorption spectra calculated using the HITRAN2012 molecular spectroscopic database [21] . The patterns of the absorption spectra can be observed as the temperature changes. In this study, three peaks lines (7202.255 cm −1 , 7202.909 cm −1 , and 7203.891 cm −1 ) with high line strengths and no interference with other molecules were chosen for calculating reconstruction temperature. 
Experiment and Tomography Analysis
A schematic diagram of a TDLAS system measuring engine exhaust temperature is shown in Figure 2 . The OHC (over head camshaft) gasoline engine (EX17, Subaru Robin, Doylestown, PA, USA) is driven in idle mode to produce emissions. The exhaust pipe installed 5 mm below the measurement cell was 20 mm in diameter and 150 mm in length. The distributed feedback (DFB) laser (NLK1E5GAAA, NTT Electronics, Japan) for H 2 O gas target is tuned to the near-infrared spectral region at 1388 nm by a laser diode controller (LDC-3900, ILX Lightwave, Bozeman, MT, USA). The modulated laser beam is split into 16 channels by a 1 × 16 fiber optic coupler (SMF-28e, OPNETI, NY, USA). Among them, the 10 beams are irradiated into 10 collimators (50-1310-APC, THORLABS, Newton, NJ, USA) and the transmitted optical signals are detected by 10 photodetectors (G12180-010A, Hamamatsu Photonics, Japan). The received laser signals are amplified and filtered by low pass filters to remove signal noise. The amplified signals are transmitted into a data recorder (8861 Memory High Coda HD Analog16, HIOKI, Japan) in real time at a sampling rate of 500 kHz. Simultaneously, the real temperature for verification is measured by a B-type TC at the sampling rate of 1 kHz at the center of the target area. After absorption, signals collect by the data acquisition card are sent to the computer for reconstruction calculation.
Multiple parallel laser beams pass through the region of interest. The intersected spectral information is used to reconstruct 2D temperature by CT analysis. Figure 3 shows the laser paths and grids in the measurement region. The laser path consists of 10 real beams in a 5 × 5 layout and eight interpolated virtual beams The interpolated virtual beams imply the virtual signal data interpolated from the signal of the actual beam, and in the signal application field a widely introduced cubic spline interpolation is used in this study [22] . The cell length through which the laser passes in the measurement area is 60 mm and reconstruction area is 40 mm, and the spatial region for CT analysis consist of 81 (9 × 9) square grids with a grid size of 2.0 mm × 2.0 mm. Unexpected error signals due to harsh conditions were removed to reduce reconstruction calculation time for converging. The formula is as follows:
where, the subscript t denotes a cycle at t time and n denotes the data number in a cycle. δ denotes the error rate, which is a ratio of absolute error sum in I v and I v0 of the cycle to that of the previous cycle.
Here, the signal cycle was eliminated when δ t is greater than 1.5. This method effectively reduced the error when converting the signal into the spectra. The noises generated by beam steering, window foul, and thermoelectric noises were approximated by Gaussian noise modeling, and the stabilized absorption spectra was obtained by the polynomial reduction method (PRM) averaging a number of absorption signal cycles [10, 23, 24] Although averaging a significant number of absorption cycles provides more stable signal, it has the drawback of degrading time-resolution and distorting raw signals. Hence, it is necessary to investigate appropriate number of cycles with good reconstruction performance and fast time-resolution simultaneously. Figure 4 shows the result of mean transmitted signals (I v ) and mean absorption spectra using a total of 201 cycles (1 reference cycle, 100 cycles in front and 100 cycle in back) measured by the TDLAS system. Here, one cycle of measured signal consists of 500 samples with a recording time of 1 ms. A total of 5 million signals were received during 10 s of engine operation. Figure 4a is the result of averaging each raw signal acquired from the photodetector at the same time when 10 lasers passed through the target area. To convert these signals into absorption spectra, I v and the mean incident signal (I v0 ) must be known as shown in Equation (4) . I v0 , also known as the baseline, was estimated by PRM, which is a least squares fitting using 5th order polynomial curve with I v [23, 25] . To facilitate curve fitting, the saw-tooth waveform had a frequency of 1 kHz and a sampling rate of 2 µs. All measured absorption spectra generated from I v and I v0 is shown in Figure 4b . These spectra consisted of 311 wavenumbers. Laser group 0 and 1 represent a group of vertical and horizontal lasers, respectively. The spectra pattern can be identified by different laser numbers. As shown in Figure 1 , the measured absorption spectra are determined by the temperature of the measurement area, so the reconstructed temperature distribution in measurement zone can be traced by a tomographic reconstruction method from the information of each absorption spectrum. The determination method of cycle and temperature is illustrated in Figure 5 . First, raw absorption signals, reference time i and candidate cycle j are input. i denotes analysis time point at engine running time. A total of 990 absorption signals were used in 0.1 s from 1.0 to 9.9 s. j denotes the number of cycles of absorption signal to be averaged. Eighteen candidate cycles were chosen to evaluate the analytical performance in various cycles (31, 51, 71, 91, 111, 151, 201, 251, 301, 351, 401, 451, 501, 601, 701, 801, 901, and 1001 cycles). In the second step, the PRM and δ value are combined to obtain mean absorption spectra, described in more detail above. This technique was able to remove noise more effectively than the conventional PRM. Reconstruction calculation consisting of 9 × 9 array was calculated using mean absorption spectra. The reconstructed temperature distribution was tracked by repeated calculations until errors in the experimental and theoretical absorption spectra were minimized by the multiplicative algebraic reconstruction technique (MART) algorithm [24] .
where, the superscript k represents the number of iteration and the subscript (n, m) is the gird number. β is the relaxation parameter that affects the rate of convergence and was set to 0.1. The initial values of α v(n,m) at each grid are an important factor for fast convergence calculation, which were approximated to target values by adopting the multiplication line of sight (MLOS) method [26] . The reconstruction calculation was terminated when difference of α v(n,m) (k) and α v(n,m) (k−1) was less than 1 × 10 −6 . Figure 6 shows a comparison of the measured absorption spectra with the calculated absorption spectra in the engine running time of 5.0 s. The average root-mean-square error (RMSE) at 311 wavenumber were 9.766 × 10 −4 , 4.485 × 10 −5 , 1.273 × 10 −3 , and 2.144 × 10 −3 , respectively, in Figure 6a -d. Measured spectra were in good agreement with spectra by the theoretical calculation, but the measured spectra for the 51 and 201 cycles were slightly different from each other, and their reconstruction calculations were also differed slightly. This implies that the number of mean absorption cycles is an important parameter for the reconstruction results.
In the third step, the reconstructed temperatures, T Rec(i,j) , calculated for each candidate cycle and time are output. To estimate the T Rec(i,j) from the finally converged α v(n,m) at all grids, the theoretical absorption coefficients at the temperature has already been calculated using the HITRAN database for the mole fraction 1.0. The correlation between the theoretical absorption coefficient, α v,the , and the reconstructed absorption coefficient, α v , was evaluated to find the value with the most similar pattern, i.e., the nearest correlation coefficient to 1.0, and to obtain T Rec(i,j) . The correlation coefficient, C n,m , at each grid is described as follows.
where α and α the denote the average value each of the theoretical and reconstructed absorption coefficient. Figure 7 shows the results of 2D reconstructed temperature distribution using 51 and 201 cycles at the engine running time of 5.0 s. Comparing Figure 7a ,b, the temperature difference at the center point was 12.35 K and the RMSE at all grids was 5.87 K. This is an example of the highest temperature difference compared to other engine running times. The characteristics of the temperature distribution for each time were similar, but the temperature fluctuation was shown differently. From these results, it was found that the number of mean cycles affected the results of CT analysis. Additionally, the output T Rec was set to the average value of nine grids located in the center of the measurement area as the TC was installed in the center of the exhaust pipe and the temperature was measured at one point. After all, the output T Rec consists of a set of elements T Rec for each i and j. The number of T Rec was 17820 in the i × j array (990 × 18). In the fourth step, the statistical-based analysis was performed using T Rec and T Thc , which means temperature measured by TC and was used to determine the cycle and T Rec most similar to T Thc . Further details are described in Section 4.
The computation time of each step on an Intel Core i7 2600K CPU with 16GB RAM was as follows. The CPU time of Process I to convert signal data into mean absorption spectra was 1.38 s and 1.90 s (311 wavenumbers) respectively at 51 and 201 cycles. As the number of mean cycles increased, the CPU time increased linearly. The CPU time of Process II was scored in under 1.79 s (311 wavenumbers), mostly converging on less than 150 iterations.
Statistical-Based Mean Difference Test and Similarity Analysis
The statistical-based analysis is performed to identify cycles that represent T Rec similar to T Thc . The 18 candidate cycles were selected using suitable intervals for analysis from 31 to 1001 cycles. The procedure is shown in Figure 8 . Paired t test, which is a mean difference testing method, is conducted to evaluate the similarity between the 18 candidate cycles [27] . The next step is followed by performing a mean difference test and similarity analysis between T Thc and T Rec for all 18 candidate cycles. The mean difference test uses the representative statistical technique of Two-sample t test. RMSE and time-based Mahalanobis distance (TMD) were used for similarity analysis. RMSE is a measure of generalization of standard deviations that indicates the difference between actual and estimated values [28] . The Mahalanobis distance (MD) represents the distance between data and considers covariance [29] .
Finally, the cycles that represent T Rec most similar to T Thc based on the analysis results were determined.
[Step 1] Mean Difference Test
T Rec derived from 18 candidate cycles consists of 0.1 s intervals from 1 to 9.9 s as shown in Table 1 . To test the mean temperature difference in 18 candidate cycles, the analysis was performed on nine T Rec(i,j) , which is the reconstructed temperature of ith reference time of the j-cycles. The total number of sets comparing T Rec(i,j) in 18 candidate cycles to each other for the paired t test were 153. For the actual test, the analysis was performed only at the reference time (1 s, 2 s, 3 s, 4 s, 5 s, 6 s, 7 s, 8 s, and 9 s) for all 153 sets.
Paired t Test
The paired t-test is useful for analyzing the same set of items that were measured under two different conditions, i.e., differences in measurements made on the same subject before and after a treatment, or differences between two treatments given to the same subject.
The paired t-test is based on the test statistic as shown below:
where,
where, D denotes the mean of the differences between the two kinds of cycles. d 0 denotes a constant that can be set depending on whether the mean of the difference between the two groups is zero or a specific non-zero value. S D denotes the standard deviation of differences between two kinds of cycles. T Rec(i,A) k denotes the kth reconstruction temperature at ith time (s) of cycle A, i = 1.0, 1.1, 1.2, · · · , 9.9. T Rec(i,B) k denotes the kth reconstruction temperature at ith time (s) of cycle B. n denotes the number of T Rec in ith time (s). · · · · · · · · · · · · · · · · · · · · · 806 9 For paired t test, the hypothesis is as follows: Here, the null hypothesis is rejected when the p-value is less than or equal to 0.05, i.e., when there is no difference between the mean of the two groups. Table 2 is a summary of the paired t-test results. For 153 sets, 1377 test results would be obtained when each test is performed from 1 to 9 s. If the p-value is less than 0.05, the null hypothesis is rejected. The p-values of 1 s, 3 s, 8 s, and 9 s were less than 0.05, i.e., the means of all cases were not equal to each other. In 2 s, the p-value was less than 0.05 except in four sets (i.e., 251 vs. 301, 451 vs. 501, 451 vs. 601, and 501 vs. 601). In 4 s, only one set (351 vs. 401) showed a p-value greater than 0.05 and the remaining 152 sets had a p-value of less than 0.05. In 5 s, 6 s, and 7 s, the p-value was greater than 0.05, while the remaining 152 sets had a p-value less than 0.05. Therefore, except for eight sets among 1377 sets, the p-value in all sets was less than 0.05 and hence, there was a mean difference between the cycles. in Table 1 . Here, three methods were used for similarity analysis. First, the Two-sample t test was used to test the difference between the means of the two groups. Second, RMSE analysis was performed to address the difference between estimates or models and observed values in real-world settings. RMSE analysis can be used to aggregate the differences between the residuals of two groups into one measure. Finally, in TMD analysis the correlation between two groups with different means was taken into account. · · · · · · · · · · · · · · · · · · · · · · · · 
Results of Mean Difference Test in [Step 1]

Two-Sample t-Test
Two-sample t-test is a widely used hypothesis test used to compare whether the averages are equal. The assumptions made while doing a Two-sample t-test include: (i) the data are continuous, (ii) the data follows normal probability distribution, (iii) the variances of the two populations are equal, (iv) two-sample is independent, and (v) both samples are simple random samples from their respective populations. The Two-sample t-test is based on the test statistic shown below:
where, T S 2 denotes the variance of T Thc(i) and T Rec(i,j) . T Thc(i) denotes the TC temperature at ith time (s), i = 1.0, 1.1, 1.2, · · · , 9.9. T Thc g denotes the mean of all T Thc(i) in the gth group, g = 1, 2, · · · , 9. Here, the null hypothesis is rejected when the p-value is less than or equal to 0.05, i.e., when there is no difference between the mean of the two groups. In this study, statistical software version 18 of Minitab was used for the Two-sample t test.
Root Mean Square Error (RMSE)
RMSE is used to measure the difference between values predicted by a model or an estimator and the value observed. The RMSE is a measure of accuracy to compare forecasting errors of different models for a particular dataset and not between the dataset as it is scale-dependent. RMSE is always non-negative and a value of zero would indicate a perfect fit to the data. In general, a lower RMSE is better than a higher one. The formula is as follows:
Time-Based Mahalanobis Distance (TMD)
MD was introduced by P. C. Mahalanobis in 1936 to measure distance between a point P and distribution D. It is a multi-dimensional generalization of the idea for measuring the amount of standard deviations P is away from the mean of D [30] . Among various methods for measuring distance (i.e., Euclidean distance, Manhattan distance, etc.), MD is used as it has the advantage of calculating the distance by considering weight according to the magnitude of covariance between variables [31] . Thus, MD is a method that is used to assess similarities between two groups. In this study, TMD analysis is performed to analyze similarities between T Thc and T Rec by reference time. The closer the TMD value is to zero, the more likely T Thc and T Rec are to be similar. The calculation of TMD procedure is as follows:
[Stage 1] Calculate the covariance matrix (S) and TMD using the following formula (14) and (15) .
where, T Thc denotes the geometric mean of all T Thc(i) , i = 1.0, 1.1, 1.2, · · · , 9.9. = T Rec(i,j) denotes the geometric mean of all T Rec(i,j) in jth cycles. S −1 denotes inverse covariance matrix. T indicates that the vector should be transposed.
[Stage 2] The obtained TMD values are calculated using the following formula for each time (s) interval.
Results of Similarity Analysis in [Step 2]
Two-sample t test, RMSE, and TMD analysis were performed to select the cycles that indicate a T Rec similar to that of T Thc . The results of a normality test conducted on T Thc and T Rec for 18 candidate cycles prior to the Two-sample t test showed that all were satisfactory for normality. However, the equivalence test between T Thc and T Rec showed that some results did not satisfy the equivalence. The results of the equivalence test are summarized in Appendix A. In general, Welch's t-test is used if the two groups do not meet equal variances. However, if the very small samples (n < 10), the Two-sample t test performs slightly better than Welch's t-test [32] .
The first Two-sample t-test results are shown in Table 4 and the null hypothesis is rejected when the p-value is less than 0.05 (see Section 4.2.1). The analysis results are explained based on the cycle, all p-values from 1 to 9 s for 31, 51, 91, 111, and 251 cycles were above 0.05. For the 71 cycles, the p-value was close to 1 at 2 s, 5 s, 6 s, and 8 s. In other words, the probability of selecting null hypothesis was high. For 151 and 201 cycles, the p-value was over 0.05 for all seconds except 5 s. On the other hand, the 451 cycles showed p-value less than 0.05 at 5 s and 9 s. The p-value of the 901 cycles was less than 0.05 at 8 s and 9 s. In the 501, 601, 701, and 801 cycles, the p-values were less than 0.05 for 5 s, 8 s, and 9 s. In the case of the 1001 cycles, the p-value of 3 s, 8 s, and 9 s was found to be below 0.05.
The result of RMSE analysis is shown is Table 5 . The smaller the RMSE values, the more the similarity between T Thc and T Rec . First, the analysis results were based on 10 temperatures per group from 1 to 9 s (see Table 3 ). In terms of time, the RMSE value (1.951) of 401 cycles in 1 s was the smallest. In 2 s, the RMSE value of 1001 cycles was the smallest at 2.270. RMSE values for 601 cycles were the smallest in 3 s and 4 s. The RMSE values for 251, 201, and 701 cycles were the lowest in 5 s, 6 s, and 7 s. RMSE values for 1001 cycles were the smallest in 8 s and 9 s. The analysis using 90 temperatures from 1 to 9.9 s (see Table 3 ) showed that the RMSE value of 601 cycles was the smallest.
Lastly, the analysis results of TMD are shown is Table 6 . The smaller the TMD value, the more the similarity between T Thc and T Rec . The analysis results were based on 10 temperatures per group from 1 to 9 s (see Table 3 ). In terms of time, the TMD value (1.626) of 351 cycles in 1 s was the smallest. In 2 s, the TMD value of 111 cycles was the smallest at 0.770. The TMD value for 151, 201, 251, and 801 cycles were the lowest in 3 s, 4 s, 5 s, and 6 s. TMD values for 201 cycles were the smallest in 7 s, 8 s, and 9 s. Next, the analysis using 90 temperature readings from 1 to 9.9 s showed that the TMD value (0.933) of 201 cycles was the smallest. 
Conclusions
The results of this study are summarized as follows: (i) the paired t test for 18 candidate cycles indicated that, in most cases, T Rec was not the same in each cycle. This implies that T Rec might vary depending on the cycle set during CT analysis. Therefore, a standard for proper cycle setting is needed. (ii) Three types of similarity analysis yielded different results. First, the Two-sample t test showed that the T Rec for 71 cycles was not the much different from that of T Thc . Second, the results from RMSE showed that the T Rec of the 601 cycles was most similar to that of the T Thc . Finally, TMD results show that the T Rec for 201 cycles was most similar to that of T Thc . (iii) The reason for different results is that all three methodologies have different characteristics. For a more visualized description, a comparison of T Thc and T Rec was provided based on the similarity analysis result. Figures 9-11 show a comparison of the T Thc with the T Rec for each 71, 601, and 201 cycles, respectively. The movement of T Thc and T Rec over time shows that T Rec for 601 and 201 cycles moved closely with T Thc . However, a closer look at the temperature change pattern shows that T Rec of 201 cycles was moving similarly to T Thc . On the other hand, for 71 cycle, the range of T Rec changes over time was observed to be much larger than T Thc . (iv) For the Two-sample t-test, it was difficult to determine similarity by sensitively reflecting changes in temperature as the difference in the mean of the overall temperature data in a given period was taken into account. Likewise, the RMSE was purely an indicator of the mean of distance between T Thc and T Rec , which made it difficult to analyze, including the correlation between changes in T Thc and T Rec . TMD was a suitable indicator for this study because it considers both the distance and correlation between T Thc and T Rec . Therefore, if the engine used in this study is in idle mode, setting it to 201 cycles in the CT analysis will increase the accuracy of the analysis while minimizing the analysis time and effort. Figure 12 shows the 2D reconstruction temperature distribution in 201 cycles in time from 1.0 to 9.0 s. The temperature of the peak area of the 2D distribution in each time was equal to that of the corresponding time at the 201 cycle reconstruction temperature in Figure 11 . As illustrated in Figure 12 , it can be seen that the maximum temperature was continuously distributed in the central area. For example, Figure 12b ,h show a reconstruction temperature of approximately 410 K and 408 K in the central area, and Figure 10 shows also the same temperature at that time. This was the same in other times.
This study presented the statistical analysis procedure and the appropriate cycle to improve TDLAT performance when measuring time series-based 2D temperature in idle mode of engine. To the best of our knowledge, this is the first attempt to present the criteria for cycle selection through the similarity analysis when based on signal stabilization technique. This signal stabilization technique was more effective in error reduction than the conventional polynomial reduction method when converting signals into absorption spectra.
However, limitations of this study include (i) it was only tested in idle mode of a particular engine, so additional experiments are required in operation mode with relatively large temperature variations; and (ii) in idle mode, the temperature variation in the peak area was uniformly measured only for that area, but it is also necessary to check the need for measurements in other areas.
To overcome these limitations, the following studies will be carried out in the future: (i) conduct a time series-based 2D temperature measurement study by applying the latest statistical techniques (i.e., linear Bayesian absorbance inference, Tikhonov regularization, and so on) to provide a fast and accurate case of reconstruction temperature calculation and (ii) typically, the reconstruction temperature is verified by TC measurements. The reliability of verification will depend on the TC measurement method, therefore studies on the TC verification methodology will also be conducted; and (iii) the size of the laser grid will affect the bias of reconstruction temperature. We would like to conduct a study on the selection of optimal grid sizes to minimize bias. 
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Appendix A
The Two-sample t test assumes a normality and equivalence. Since normality was satisfied, only the results of the equivalence test were summarized in Table A1 . The equivalence is satisfied when p-value is more than 0.05. 
